Sparse code multiple access (SCMA) combined with spectrally efficient frequency division multiplexing (SEFDM) is a wireless air-interface technology with dual non-orthogonal characteristic which can meet the high spectral efficiency requirement of the future Internet of Things (IoT). In this paper, an iterative multiuser detection/decoder (IMUDD) method for SCMA-SEFDM is proposed, which performs soft information iteration in a turbo style. IMUDD can effectively achieve the multiple-access interference (MAI), inter-symbol interference (ISI) and inter-carrier interference (ICI) cancellation through an external iteration and three internal iterative processes. At each iteration, extrinsic information is extracted from detection and decoding stages, then it is used as a priori information in the next iteration. Furthermore, to reduce the computational complexity of IMUDD scheme, a logarithm domain IMUDD is adopted and analyzed. The simulation results show that IMUDD has a noticeable performance improvement compared to the traditional turbo structured receivers over the multipath fading channel or the additive white Gaussian noise (AWGN) channel.
I. INTRODUCTION
Internet of things (IoT) has been widely expected to be a significant application in the future wireless network, which provides ubiquitous connectivity, expected spectral efficiency and higher data rates within a limited bandwidth [1] , [2] . To overcome these significant challenges, new nonorthogonal multicarrier transmission and non-orthogonal multiple access schemes have been explored [3] .
Orthogonal multicarrier transmission and orthogonal multiple access (OMA) schemes can hardly meet the coming requirements such as high system throughput, spectral efficiency and massive access for IoT [4] . Non-orthogonal
The associate editor coordinating the review of this manuscript and approving it for publication was Qilian Liang . multiple access (NOMA) schemes can accommodate more users than conventional OMA through non-orthogonal resource allocation [5] . Power domain multiplexing and code domain multiplexing are the main representatives of the NOMA schemes. The corresponding schemes include powerdomain NOMA [6] , multiple access with low-density spreading (LDS) [7] , sparse code multiple access (SCMA) [8] , and so on. In SCMA, bits information of multiple users is mapped to multi-dimensional sparse codewords, and message pass algorithm (MPA) is generally used to detect information in the receiver [9] . Non-orthogonal multicarrier transmission schemes have been proposed to improve bandwidth efficiency relative to the conventional orthogonal frequency division multiplexing (OFDM). Spectrally efficient frequency division multiplexing (SEFDM) [10] , [11] and faster than Nyquist signaling (FTN) [12] have been proposed, in which time or frequency resources are compressed to reduce the effective bandwidth occupation.
Previous works have already proposed to combine SCMA and SEFDM [13] , which have achieved a higher spectral efficiency at the expense of more sophisticated signal detection methods. The receiver adopts iterative detection [14] and MPA to mitigate inter-carrier interference (ICI) and multipleaccess interference (MAI). However, SCMA-SEFDM still faces the challenges of poor bit error rate (BER) performance and high complexity.
Iterative multiuser detection methods have been well applied in many systems. For example, it is investigated in code division multiple access (CDMA) systems [15] , LDS system [16] and SCMA system [17] .
In this paper, we consider to apply the iterative multiuser detection method in the SCMA-SEFDM system to improve system performance. The main contributions of this paper are summarized as follows. 1) In this paper, an iterative multiuser detection/decoder (IMUDD) method for combining SCMA and SEFDM is proposed. Unlike traditional turbo structured receivers whose detection and decoding are performed and optimized separately, the information of IMUDD can be exchanged iteratively in a turbo style.
2) The presence of three interference elements contains MAI, ISI and ICI results in a major impediment to reliable communications in SCMA-SEFDM. The existence of MAI and ISI is due to the overload factor of SCMA and the influence of multipath fading channel scenarios. The generated signals modulated by SEFDM modulator are non-orthogonal, which lead to ICI between subcarriers. The proposed receiver executes soft information decisions, including an iteration detection, a soft-input soft-output (SISO) MPA detector and a bank of parallel-concatenated SISO turbo decoders, through an external iteration and three internal iterative processes. At each iteration, extrinsic information is extracted from detection and decoding stages, then it is used as a priori information in the next iteration, which can overcome the interferences. 3) To further reduce the computational complexity of IMUDD scheme, a logarithm domain IMUDD is adopted and analyzed, which transforms the multiplication and exponent operations into additions and maximizations. The rest of this paper is arranged as follows. Section II presents the system model of SCMA-SEFDM. In section III, an iterative multiuser detection/decoder method is introduced and analyzed. The performance analysis of IMUDD for SCMA-SEFDM is presented in section IV, and the simulation results of system BER and complexity are given. Finally, section V is devoted to concluding remarks. A summary of notations in this paper is presented in Table 1 . 
II. SCMA-SEFDM SYSTEM MODEL
In this paper, an uplink turbo coded SCMA-SEFDM system with J users and N resource blocks is considered, employing non-orthogonal modulation and signaling through multipath fading channels. The block diagram of SCMA-SEFDM over multipath fading channels is illustrated in Fig.1 .
A. CHANNEL CODING AND INTERLEAVING
For each user j, the information bits can be represented as
is the sequence length. The information bits b j are first encoded into L c coded bits c j = c 1,j , c 2,j , . . . , c L c ,j by the turbo encoder with code rate R = L b L c . The turbo encoder can effectively correct random errors by creating redundancy.
An interleaver is used between turbo encoder and SCMA encoder to resist consecutive errors by scattering the data stream, maximizing the decentralization of centralized errors. The coded bits c j is interleaved by interleaver j to a j = a 1,j , a 2,j , . . . , a L c ,j .
B. SCMA CODING
The SCMA encoder is defined as f : B log 2 (M ) → χ where x = f (a). An SCMA signal is obtained by mapping log 2 |M | bits to a N -dimensional complex codebook with size M . The N -dimensional complex codewords x have Z vectors of non-zero lines, where N > Z .
Due to the sparsity of codewords. The SCMA encoder can also be further defined as f :≡ Vg, where g encodes each user's binary bits into Z -dimensional non-zero codewords, while mapping matrix V ∈ B N ×Z transforms Z -dimensional non-zero codewords into N -dimensional sparse codewords.
The interleaved bits a j is mapped to the corresponding SCMA signal x j = x 0,j , x 1,j , . . . , x N −1,j by the SCMA encoder, and the symbol length becomes L x = L c log 2 |M |.
Factor graph matrix F is composed of each layer's binary indicating vector f, which represents the connection between the variable node (VN) and the function node (FN). If f n,j = 1, then the signal will be sent from user j to resource block n. V is a mapping matrix with sparsity. We define ε j = {n|f n,j = 1}(j = 1, 2, . . . , J ) as the set of resource blocks to which user j is connected, and η n = {j|f n,j = 1}(n = 1, 2, . . . , N ) as the set of user blocks to which resource block n is connected. d v represents the number of resource blocks connected to the one user, and d c represents the number of user layers connected to one resource block.
C. SEFDM MODULATION
In the SEFDM modulation process, The SCMA signal x j of the j-th user first forms x j = x 0,j , x 1,j , . . . , x N −1,j T by serial/parallel transform. Then the SCMA signal x j of the j-th user is converted to the SEFDM time domain signal based on inverse discrete Fourier transform (IDFT) modulation.
K -point IDFT operator is used for generating SEFDM time domain signal. K − N zeros are first filled following x j .
The output of the K -point IDFT block is truncated with only the first N samples retained while the remaining samples are discarded. The generated SEFDM sample signal vector can be represented as s = [s 1 , s 2 , . . . , s J ] T , and the sample signal vector of user j can be represented as s j = s 0,j , s 1,j , . . . , s N −1,j T :
where N (·) represents the first N rows of the vector matrix.
represents the inverse Fourier transform matrix of K points. The n-th row and the k-th column element of F −1 K can be expressed as follows.
The n-th time domain transmit symbol of the j-th user of the SEFDM signal can be expressed as
where α = N K denotes the bandwidth compressing factor. Assuming that the sampling frequency is chosen as F s = N f , where f is the subcarrier spacing for SEFDM, then there are N non-orthogonal subcarriers in a SEFDM signal period T , and f = α T . Specially, α = 1 corresponding to f = 1 T stands for OFDM scheme. The normalized SEFDM continuous signal expression is
D. CHANNEL MODEL AND SEFDM DEMODULATION
The time domain signal s is modulated and then transmitted over the wireless channel. The time-domain sampled signal r can be expressed as:
where h j = diag h 0,j , h 1,j , . . . , h N −1,j T is the channel state information of the j-th user, and n represents the complex Gaussian white noise vector. The following considers the system model under AWGN channel and multipath fading channel respectively.
1) SEFDM DEMODULATOR OVER AWGN CHANNEL
The SEFDM demodulator converts the j-th user's timedomain received signal r j to the frequency-domain signal based on the discrete Fourier transform (DFT). By adding K − N zeros to the end of the received signal vector and then performing K -point DFT transformation, the first N points of the DFT output are taken to obtain the SEFDM frequency-domain received signal as:
where x = [x 1 , x 2 , . . . , x J ] is the frequency domain transmission matrix for J users, and N represents the frequency domain noise vector. Distortion matrix G represents the subcarrier correlation matrix, and F K represents the K -point DFT matrix. The elements in the n-th row and the k-th column of F K can be defined as follows:
The elements of the k-th row and l-th column of the matrix G are expressed as:
2) SEFDM DEMODULATOR OVER MULTIPATH FADING CHANNEL
The cyclic prefix (CP) of a duration longer than the channel delay spread of a wireless multipath channel is used to protect the SEFDM transmitted symbols from inter-symbol interference (ISI). For ease of analysis, the following signal forms are described in a simplified manner. The received signal r through the multipath fading channel is:
where s cp is the data after adding CP, and * denotes linear convolution. However, due to the addition of CP, the linear convolution has become a circular convolution. The signal y after CP is removed at the receiving end can be expressed as:
where represents a circumferential convolution, and h K represents the data after zero-padded by h to K points. n K is the truncated noise. In this case, the mathematical expression of the received signal cannot be written as the product of the original signal and a distortion matrix, which means that it cannot be detected using the iterative detection (ID) method. A frequency-domain processing method is used to convert the linear convolution into a circular convolution using CP, which directly eliminates the role of the channel and ensures that the system can use the distortion matrix G. First, equation (11) is transformed into the frequency domain as:
where H K is the frequency domain form of h K . After the SEFDM demodulation process, and we assume that the truncation noise after removing a series of operations such as CP and trailing data is n H .
Equation (12) can be written as:
It can be seen that, through the frequency domain processing method, the signal form becomes similar to that under the AWGN channel, and the distortion matrix G is completely reused.
III. ITERATIVE MULTIUSER DETECTION AND DECODING
In this section, the details of IMUDD method for SCMA-SEFDM system are presented. The structure of the receiver is shown in Fig. 2 , which consists of three types of blocks: iterative detection, SISO MPA decoder and K parallel SISO Turbo decoders, separated by deinterleavers and interleavers. At the receiver side, after SEFDM demodulation, the signal is sent to IMUDD.
The algorithm of iteration detection can be represented as follows.
where ω is the convergence factor, d is the output after n iterations, R 0 is the initial estimate of R obtained by the receiver, R n−1 is the output after n − 1 iterations, and I is the identity matrix. For this iterative method, if the power of the distortion is less than the power of the signal, the desired signal can be reconstructed after an infinite number of iterations. But if it is a non-linear distortion operation, the correct selection of ω can speed up the reconstruction.
Considering the characteristics of AWGN channel and according to equation (7) and equation (9), the frequencydomain received signal vector of the n-th subchannel can be simplified as
SISO MPA decoder delivers the soft decision of coded bit of every user layer, i.e., a posteriori log-likelyhood ratio (LLR), which can be represented as 1 a l c ,j = log P a l c ,j = 1 |d P a l c ,j = 0 |d
By applying Bayes, it can be further derived as
where ζ 1 a l c ,j represents the extrinsic information of SISO MPA decoder, and ζ q 2 a l c ,j represents the a priori LLR of a l c ,j which is given in the previous iteration. For the first iteration, assuming no prior information and ζ q 2 a l c ,j = 0. According to [17] , the relationship between a and x is considered.
A + l c ,j a 1,1 , . . . , a l c ,j−1 , 1, a l c ,j+1 , . . . , a L c ,J : a u,i = {0, 1} , u, i = (l c , j)
.
A − l c ,j is defined in the same way. Let χ + l c ,j be the set of codewords mapped from the coded bits in A − l c ,j and similarly χ − l c ,j . According to Bayes: Since the noise vector is independent identically distributed and it is not related to the codewords, so 
Based on (6), the conditional probability density function P {d n |x } is given by
Based on the output of iterative detection d n and a priori input information P {x}, extrinsic values are calculated for all the constituent bits involved in (6) . Substituting (21) The LLR is deinterleaved and fed into turbo decoder. The computation of a posteriori LLR is similar to the turbo decoder, which can be represented as
where ζ 2 a l c ,j represents the extrinsic information of the SISO turbo decoder and ζ q 1 a l c ,j represents the a priori LLR of a l c ,j from the SISO MPA decoder. The derivation of LLR for the SISO turbo decoder has been investigated in [15] .
IV. NUMERICAL ANALYSIS AND SIMULATION A. ANALYSIS OF COMPLEXITY
In this part, the complexity of IMUDD and Log-IMUDD is analyzed, including iterative detection, MPA and Log-MPA complexity. The comlexity of the two schemes can be evaluated by number of multiplication (MUL), addition (ADD) and exponent (EXP). The complexity of the three algorithms is shown in Table 2 , and the complexity of IMUDD and Log-IMUDD is shown in Table 3 .
The complexity of the ID algorithm is mainly based on equation (14) . It can be seen that the number of multiplications is 4I ID N 2 and the number of additions is 8I ID N 2 .
For MPA, we analyze the decoding complexity for the codebooks using a regular factor graph matrix. In order to obtain each element of the codebook matrix, complex multiplication is involved. The calculation of the codebook matrix requires 2MNd v additions and 4MNd v multiplications. According to [18] , to update one VN at FN requires (2d v + 1) M d v −1 additions, (d v + 2) M d v −1 multiplications, and M d v −1 exponential operations. Updating one FN at VN requires (Z − 2) additions. In the Log-MPA algorithm, the calculation of the same codebook matrix requires 2MNd v additions and 4MNd v . 
B. SIMULATION RESULTS
In this section, the BER performances of IMUDD scheme for SCMA-SEFDM are evaluated. IMUDD, Log-IMUDD and traditional turbo structured receivers are compared through the simulations of BER performances and the computational complexities, respectively. In the multipath fading channel, in order to adopt ID algorithm normally, the system adopts frequency domain processing at the receiving end. The system simulation parameters are listed in Table 4 . Fig. 3 and Fig. 4 show BER performance of IMUDD scheme and Log-IMUDD scheme with different I outer when α = 4/5 over AWGN channels and multi-path fading channels, respectively. Simulation results show that IMUDD performs much better than the non-iterative one. Fig. 4 indicates that the comparison of overall BER performance of different detection schemes and a variety of outer loop iterations. Compared to one iteration of IMUDD, two iteration of IMUDD has about 5 dB gain when BER is 10 −5 . As the algorithm converges, more iterations still bring a lot more enhancement of the system performance, with about 1.3 dB gain at BER of 10 −5 after more than two iterations. It is found that 3 iterations result in 1.3 dB more gain at BER 10 −5 for IMUDD scheme. IMUDD scheme achieves performance a little better than Log-IMUDD scheme. However, the complexity of Log-IMUDD is less than the complexity of IMUDD. From Fig. 5 to Fig. 7 , we show the BER performance of IMUDD scheme and Log-IMUDD scheme with different α when I outer = 1, I outer = 2 and I outer = 3 respectively over multi-path fading channels. As the bandwidth compression factor α approaches 1, both IMUDD scheme and Log-IMUDD scheme get better BER performance. Because the smaller the bandwidth compression factor α is, the greater the interference between subcarriers is. For example, Fig. 6 indicates that two iteration of IMUDD with α = 4/5 has about 6.8 dB gain compared to two iteration of IMUDD with α = 4/6 when BER is 10 −4 . IMUDD scheme achieves performance a little better than Log-IMUDD scheme at the expense of loss complexity. In Fig.8 , three elements of complexity, the different bandwidth compression factor α and the DFT size constitute a three-dimensional figure. Compared to Log-IMUDD, IMUDD has less additions, but has significantly higher multiplications. Log-IMUDD has no exponential operation, but IMUDD has a very relatively high exponential operation. The exponential operation of Log-IMUDD is converted into addition and multiplication operations, thereby reducing the complexity of the overall system. It can be seen from the synthesis that Log-IMUDD has more advantages in complexity.
V. CONCLUSION
In this paper, an iterative multiuser detection/decoder method for combining SCMA and SEFDM structure is proposed and evaluated. By iterating soft information, the system benefits from higher gain compared to traditional turbo structured receivers. IMUDD includes an external iteration and three internal iterative processes, which can effectively overcome MAI, ISI and ICI. Furthermore, to further reduce the computational complexity of IMUDD scheme, a logarithm domain IMUDD is adopted and analyzed. The simulation results show a noticeable performance improvement by our proposed receiver. Iterations through soft information can bring enhancement of the system performance. XUEMAI GU (Member, IEEE) received the M.Sc. and Ph.D. degrees from the Department of Information and Communication Engineering, HIT, in 1985 and 1991, respectively. He is currently a Professor and the President of the Graduate School of HIT. His research interests focus on integrated and hybrid satellite and terrestrial communications and broadband multimedia communication technique. VOLUME 8, 2020 
